In this study, red, green, cyan, warm white and cool white (RGCWW) LEDs are individually controlled to simulate dynamic daylight. The spectral power distributions (SPDs) are measured for both the daylight and the mixed white light. The correlated color temperature (CCT), circadian action factor (CAF) curves in the daytime of the mixed white LED almost overlap to those of daylight with a small error of about 1%. The CIE chromaticity coordinates of the mixed white light are distributed along the Planckian locus with a little deviation below 0.003. Also, its color rendering index (CRI) is above 90. The RGCWW five-chip LEDs of high circadian and visual performances will benefit to synchronize circadian rhythm in closed environment during long time without daylight, combined with better mood and alertness. The simulation errors and development trend of the mixed lighting are discussed.
Introduction
Besides the formation of image through the rod and cone [1] , light can influence the secretion of melatonin through intrinsically photosensitive retinal ganglion cells (ipRGCs), and the level of melatonin further adjusts the circadian rhythm of humans [2] . The action spectra for melatonin suppression have been obtained by Brainard et al. [3] and Thapan et al. [4] . Based on the experiment data, circadian action factor (CAF) is proposed to evaluate the non-visual effect of light [5] - [7] : 
where P (λ) is the spectral irradiance of the light source, V (λ) is the photopic luminosity function, and C(λ) is the circadian action function. Many studies find that higher CAF light can suppress melatonin secretion to a greater extent, and then enhance attention, increase alertness, improve work efficiency, interfere with sleep and so on [5] - [10] . Obviously, more blue components in the spectrum corresponds to a higher CAF value according to Eq. (1). The CAF is above 1 when correlated color temperature (CCT) is above 10000 K [7] . The CAF is even high as 7.2 for a 470 nm blue light emitting diode (LED) [7] and as 26.3 for a monochromatic light of 460 nm [5] . However, the melatonin suppression is not always enhanced by high CAF light because it is not solely melanopsin that drives the melatonin suppression response [11] . The C(λ) value obtained from narrow-band light stimuli [3] , [4] cannot be applied well in polychromatic light for circadian performance [11] - [14] . The spectral opponency should be also considered in the action spectra [11] , [12] , [15] , [16] . Nowadays the non-visual effect cannot be determined strictly for any polychromatic spectra of normal lighting [17] , [18] , although the circadian stimulus (CS) considers the visual effect and spectral opponency [12] , [19] , [20] .
The daylight can synchronize the circadian rhythm of humans, and keep it in a 24-hour sleep-wake cycle [21] . The daylight-like lighting is also beneficial to visual comfort, alertness, mood, and sleep quality [17] , [22] , [23] . Many researchers pursued mimicking dynamic daylight by the novel lighting of LEDs and OLEDs [6] - [12] , [15] , [17] - [19] , [24] - [26] . However, a dynamic and full visible spectrum of daylight is hardly obtained by mixing monochromatic and/or phosphor-coated LEDs because of the width, the shape of the LED spectra, the green gap and the computation capability [6] , [12] , [17] , [27] . The daylight spectrum can be influenced by season, latitude, weather, atmosphere quality, and so on. So, it is significant to extract some, not all useful characteristics in the daylight spectrum as the mixed white light simulation targets for a specific application [12] . Here we focus on the lighting in a closed space during long time without daylight.
Firstly, the LED lighting needs to perform well in visual effect. Better visual comfort leads to better alertness and mood [17] . The LED lighting is required to be high color quality and have health promoting effect as the daylight [17] , [18] , [28] - [30] . The rather smoother spectrum results in better color rendering, and then facilitates the perception of colors more naturally [17] . The chromaticity points of high quality light should fall along the daylight locus [28] , [29] . The chromaticity points slightly below or exactly on the Planckian locus are preferred [31] , [32] . It is important to introduce Duv to describe the distance between chromaticity coordinates of the white light and the Planckian locus [33] . Secondly, the LED lighting should reproduce daylight in both visual and non-visual parameters. The spectra of the daylight change during the daytime, such as the "golden hour" in the morning and at dusk, "blue hour" at noon [34] . The CCT and CAF of the daylight change from the minima to maxima, and then to minima in the daytime. Their trajectories are almost overlapped. In contrast, the static and unchanged spectra of most artificial lighting will disrupt the circadian rhythm [35] . However, the artificial lighting may appear same chromaticity coordinates for different spectra, named as metamerism [36] . It means that one CCT can correspond to a wide span of CAF [12] . So both the CCT and CAF of the LED lighting should be similar to those of the daylight.
Usually multiple LED chips or packages are mixed in the daylight mimicking [6] , [7] , [12] , [17] , [27] , [29] , [34] , [36] - [42] . By mixing red, green, cyan and blue (RGCB) monochromatic LEDs, the circadian tunability is higher than that including wide-band white LED (RGBW) [42] . The narrowspectrum quantum dots (QDs) are also reported on the high circadian tunability [37] , [39] , [41] . However, luminous efficiency may be small for some monochromatic LEDs, which will lower the efficiency of the whole mixed lighting. Moreover, the color rendering seems to have conflicts with circadian efficiency for the narrow-spectrum QDs mixing [39] . It is required six-package LEDs (blue, cyan, green, yellow, orange, red, abbr. ROYGCB) to achieve CRI over 90 [37] . RGBW four-chip LEDs are used to simulate the CCT and CAF of dynamic daylight [12] , [34] , [42] . Because the spectrum of the phosphor for white LED is in the absence of the cyan component, the CRI of the mixed light is hard to be above 90. Some groups use cyan phosphor or cyan LED, and the CRI is improved greatly [37] , [38] , [42] , [43] . But luminous efficiency or circadian tunability is not considered. The rather smoother spectra will improve well-being and visual comfort [17] , [29] . Colaco et al. use red, green, blue, amber, cool white, and neutral white six-chip LEDs to mix white light [40] . They cannot obtain high CRI in low CCT area. The cold white (CW) and warm white (WW) LEDs provide broad-band spectrum in the long wavelength ranges. So, the spectra of the mixed light including both the CW and WW LEDs will broaden and become smooth significantly compared with mixed light including one white LED.
In this work, we proposed a mixed lighting source to simulate dynamic daylight with high circadian and visual performances. The lighting source consisted of red, green, cyan, CW and WW five LED chips (RGCWW). We also measured the spectra of daylight from sunrise to sunset, and calculated its visual and non-visual parameters as the simulation targets. And then, we fabricated the mixed lighting source and measured their spectra in the integrated sphere. The CCT and CAF of mixed white light were nearly the same as dynamic daylight. The mixed white light had good color fidelity with the CRI above 90. Also, the chromaticity coordinates of mixed light located almost on the Planckian locus. The tunable LED lighting of five channels with high circadian and visual performances would benefit to synchronize circadian rhythm of humans. The simulation errors and development trend of the mixed lighting were discussed.
Method and Experiment

Cyan LED Involved in Mixing Light
The Eq. (1) was rewritten by Dai et al. [6] :
wherez(λ) was color matching function, and x, y values were the CIE chromaticity coordinates. CAF is the product of factors (i) and factor (ii) as the following:
According to the data of C(λ) andz(λ) [6] , we calculated their difference versus wavelength. All data are plotted as three curves in Fig. 1 . The action spectrum range of C(λ) is broader than that of z(λ). Their central peaks locate in the range of 440-460 nm. There are two peaks for the difference curve between C(λ) and normalizedz(λ) at both short and long wavelength sides. The main peak is located at 493 nm and the difference is 0.53. It means that cyan light takes an important role for the factor (i) of the CAF. There is no obvious gap in the visible spectrum of 380-780 nm for AM0 or AM1.5 solar spectrum [44] . In contrast, common white light LED is fabricated by blue LED and yttrium aluminum garnet (YAG) phosphor, or several monochrome lights, such as red (R), green (G), blue(B) and so on [27] , [45] . The typical peak wavelengths of RGB and YAG phosphor are about 620, 520, 460, and 560-610 nm, respectively. Therefore, the spectrum of general white LED light shows an obvious gap of 480-500 nm, which is quite different from natural daylight. According to Eq. (2), the cyan component in the daylight will make the factor (i) of the CAF large compared to the white LED light. If the CAF is required to be same as that for the daylight, the factor (ii) should be higher for the white LED light. However, the chromaticity coordinates of the daylight are nearly on the Planckian locus. It means that the chromaticity coordinates of the white LED light will deviate from the Planckian locus. Generally, Duv greater than 0 means yellowish or greenish of the white light, and Duv less than 0 means pinkish of the white light. Since greenish or pinkish white light is usually not accepted for illumination [31] , [32] , it is necessary to make Duv close to 0 as possible.
There are a few reports on the cyan light utilization in LED mixed light [37] , [41] , [42] . They improve color rendition or circadian tenability of white LEDs [37] , [42] . Here, we use a cyan monochromatic LED with center wavelength of about 490 nm to fill the spectrum gap in general LED white light, in order to synchronize the CAF and CCT with the daylight. Good color fidelity and zero Duv are also the objectives for the mixture lighting. [6] , and the difference between them (blue line).The largest difference between C(λ) and normalizedz(λ) appears at the wavelength of 493 nm. 
Design and Fabricate Mixed White Light by RGCWW Five LEDs
Firstly, we measured the daylight spectra by Everfine PLA-20 in the whole sunny daytime on Wusi playground in the campus of Peking University. The photodetector was adjusted to show the maximum value at each measurement to guarantee the photosensitive surface perpendicular to the daylight direction. The measurement interval was about 30 minutes. The visual and nonvisual properties of daylight were calculated as the targets of simulation, such as the chromaticity coordinates (x d , y d ), CCT, and CAF. Fig. 2 shows the CIE 1931 chromaticity diagram. Each LED with certain SPD has corresponding coordinates in chromaticity diagram. According to Grassmann Color Law [46] , as for RGB three-chip LEDs, the chromaticity coordinates of red, green, and blue form a triangular region, and the chromaticity coordinates of hybrid white light locate in this triangular region. In order to maximize the region of mixed white light in CIE 1931 color space, the chromaticity coordinates of RGB monochromatic LEDs tend to approach the vertex of color space. Consequently, it is popular to select blue (450 nm), green (520 nm), and red (630 nm) to fabricate RGB LEDs. In this work, we chose CW and WW, consisted of blue LED and YAG phosphor, to mix Fig. 3 . Normalized SPD of red, green, cyan, warm white, and cool white LEDs at rated current. The peak wavelengths of red, green, and cyan are 632, 518, and 491 nm, respectively. The peak wavelengths of blue LED in warm white and cold white are 456 nm, and the peak wavelengths of YAG phosphor are 618 and 562 nm, respectively. light, so monochromatic blue LED is unnecessary. Also, the YAG phosphors in CW and WW were useful to fill the spectrum gap between monochromatic green and red LEDs. As a result, reliable, high brightness red, green, cyan, CW, and WW commercial LEDs were chosen in mixing light.
The spectral power distributions (SPDs) of RGCWW five LEDs at rated current was measured as S R (λ), S G (λ), S C (λ), S WW (λ), and S CW (λ) by a spectrometer (HAAS-2000, Everfine, China) and charge coupled device (CCD) detection system in an integrated sphere. The normalized SPD of these LEDs is shown in Fig. 3 . The full-width at half-maximums (FWHMs) of 3 monochromatic LEDs (red, green, cyan) are 16.0, 30.4, and 30.5 nm, respectively. The peak wavelengths of blue LED in warm white and cold white are 456 nm, and the peak wavelengths of YAG phosphor are 618 and 562 nm, respectively. The CCT of the WW LED is 2300 K, while it is 5986 K for the CW LED. The CRIs of the WW and CW LEDs are 83.9 and 85.3, respectively. The spectra of monochromatic LEDs and YAG phosphor almost cover visible spectrum, which will make the spectrum of the mixed white light smooth.
Next, the content of red LED was set as the unit. Then the ratios of the other LEDs to the red one were set as p G , p C , p WW , and p CW . The SPD of the mixed white light, S(λ) can be written as [47] :
The chromaticity coordinates of the mixed white light were set as (x d , y d ) of the daylight:
Where S R (λ), S G (λ), S C (λ), S WW (λ), and S CW (λ) were the SPDs of RGCWW five LEDs, andx(λ), y(λ),z(λ) were color matching function.
According to Eqs. (4) and (5), we can obtain 2 linear equations about p G , p C , p WW , and p CW . Then, there were only 2 independent variables in the optimization of CRI and CAF. We optimized the relative contents of five kinds of LEDs with restricted conditions of CRI > 90 and minimized the CAF difference between the daylight and the mixed white light. In contrast, it would be 4 independent variables when calculating the relative ratios of five chips if we used optical power ratio algorithm (OPRA) [36] to numerate all available possibilities. At last, we used pulse width modulation (PWM) to control each LED, and measure the SPD of mixed white light by the HAAS-2000 spectrometer.
Here the HAAS-2000 spectrometer was calibrated according to the PLA-20. In this method, we can figure out the relative ratios of RGCWW LEDs that make the CCT and the chromaticity coordinates of the mixed white light same as those of the natural daylight, CAF quite close to that of daylight, and color fidelity high.
Result and Discussion
From some candidates of daylight measurements, the results on May 31st, 2018 are chosen, as shown in Fig. 4 . The sunrise time is 4:48 and the sunset time is 19:35. The measurement time ranges from 5:30 to 19:04. Because the spectrum of daylight is quite related to the daylight incident angle, which is symmetrical in the forenoon and afternoon, the parameters of daylight are also symmetrical in the forenoon and afternoon [28] , [48] . Fig. 4a shows the change of the CCT in the daytime. The arch shape represents that the CCT increases in the morning, approaches the maximum at noon, and reduces in the afternoon. It is golden hour in the morning and blue hour at noon as the reference [34] . According to the latitude of Beijing and solar longitude at May 31st, the vertical incidence of daylight is at 12:03. The spectra of three typical points of 5:30, 12:03, and 19:04 are drawn in Fig. 4b . In the morning and at dusk, the spectral power is more concentrated in long wavelength, while the spectral power is more concentrated in short wavelength at noon. The CCT values at three typical points are 3685, 5744, and 3507 K, respectively. The spectrum at noon in Fig. 4b is similar to that of AM1.5 [44] . The detail difference may be due to the latitude and atmosphere quality. The oscillation in the red ranges is enlarged because of the little scattering by atmosphere in the morning or at dusk. The chromaticity coordinates of dynamic daylight change a lot during the day, as shown in Fig. 4c . In the forenoon, the chromaticity coordinates change from low CCT to high CCT along the Planckian locus, and get back in the afternoon. The Duv values are lower than 0.004 at any time. It means that the scattering by the atmosphere causes a bit positive deviation from the Planckian locus. The little deviation shows good chromatic adaptation verified by one-standard-deviation error ellipse [32] . The CAF curve is shown in Fig. 4d . The maximum of the CAF is about 0.86 at noon, while the minimum of CAF is about 0.51 at dusk. The minimum of CAF is about 60% of the maximum. Fig. 4e shows the correlation of CAF and CAF of daylight and then make linear fitting curve. The Pearson's r equals to 0.99937, which means that CAF increases almost linearly with the increase of the CCT [15] . However, one CAF may correspond to a range of CCT and CRI [12] due to the difference in the factor (i) of the CAF in Eq. (3). It means that the factor (i) of the CAF is almost constant for daylight.
Based on the visual and non-visual parameters of typical daylight drawn from Fig. 4 , the contents for each color LED are calculated for mixed white light optimization according to the method in the experiment part. The duty cycle in the same PWM period corresponds to the content for each color LED, as shown in Fig. 5a . It is found that the duty cycle of CW LED is 100% most time. It is about 40% for cyan and red LEDs, 20% for WW LED, below 10% for green LED. In the morning and at dusk, the duty cycles of red, green and WW LEDs increase. Because the luminous efficacy of CW LED is usually much larger than those of others, it is necessary to use CW LEDs to improve the luminous efficacy of mixed white light. Cyan and red LEDs provide the deficient colors in CW and WW LEDs. Their large cycle duties will guarantee high color fidelity. Considering the difference between C(λ) and normalizedz(λ) in the wavelength of 480-500 nm, cyan LED is also useful to increase CAF with fixed chromaticity coordinates [6] . In the morning and at dusk, the long wavelength contents dominate in the SPD of the mixed white light, similar to those in Fig. 4b . The duty cycle of WW approaches to 100% because of high luminous efficacy compared to the monochromatic LEDs. In Fig. 5b , the mixed white light SPDs are shown at three points: 5:30, 12:03 and 19:04. There are no obvious gaps in the visible range from 380 to 780 nm in three curves, which results in better visual comfort [27] , [30] . The SPDs at the points of 5:30 and 19:04 are similar to those of the daylight in Fig. 4b, while it is a bit different in the long wavelength side at 12:04. The blue light power in CW LED is so high that the other short wavelength components are suppressed. In order to obtain high color fidelity at noon, the high red components should be included. Because of the addition of high duty cycle 491 nm cyan LED in light mixture, the gap of the mixed white light is well filled, which is helpful to improve the health and wellbeing [17] , [28] , and the color rendition as well [32] . Although the color recipes for the dynamic mixed white light have been obtained, its visual and non-visual performances are required to clarify. Fig. 6 shows the time dependencies of the chromaticity coordinates, CCT, Duv, CRI, and CAF for the practical RGCWW mixed white light. According to Eq. (5), the chromaticity coordinates of the daylight and mixed white light are same in the theoretical model. The locus in Fig. 6a shows a similar trend as that in Fig. 4c in the forenoon and afternoon. The locus of mixed white light is closer to the Planckian locus than that of the daylight. Obviously the mixed light shows some better chromatic adaptation [32] . The difference of the chromaticity coordinates between the daylight and mixed white light may be due to the mixing processes, such as time and amplitude errors of pulsed current, optical absorption or shielding, and so on. On the other hand, the SPD measuring instruments are different for the daylight and the mixed white light although some calibrations have been made. Anyway, the mixed white light shows a similar locus and some improvements compared to the daylight. The mixed white light almost has the same CCT as the natural daylight, as shown in Fig. 6b and Table 1 . It is near the Summer Solstice in the northern hemisphere where the sunrise time is 4:48, so the CCT is about 5000 K at 7:00. The maximum difference of CCT between them is less than 1.28% all day. Tens of K of CCT may not be sensed by measuring instruments or human eyes. The Duv and CRI are also calculated by the SPD of the mixed light, as shown in Fig. 6c . The Duv of the mixed white light is much lower than 0.0054, which means this five-channel mixed white light performs well on visual comfort [49] . Moreover, from sunrise to sunset, the CRI of the mixed white light is always over 90, which reaches or exceeds the advanced level of other groups [12] , [34] , [37] (Table 2 ). CRI of RGCWW mixed light is more than that of five-package LEDs made by perovskite quantum dots. It is approximately equal to that of six-package LEDs [37] . However, QDs phosphor cannot provide the broad spectrum and high luminous efficiency.
The mixed white light shows high visual performances compared with the daylight or other advanced ones. The non-visual performances can be also calculated by the SPD of the mixed white light. Table 1 and Fig. 6d show the CAF for both the mixed white light and daylight in the daytime. When the CAF of daylight is low in the morning and at dusk, the mixed white light nearly has the same CAF as the daylight. When the CAF of daylight is high at noon, there is a little lower for the mixed white light. The relative difference of the CAF between the daylight and mixed white light is less than 3% all day. In most time, the relative difference of CAF is less than 1%. That is to say, RGCWW mixed white light can reproduce the CAF of the daylight. Although the cyan LED is added into, cyan component is relatively smaller than that of the daylight, as compared in Fig. 4b with Fig. 5b . Some researchers think that the tunability is important for the circadian effect [40]- [42] , [50] . Actually, the tunability is about 1.68 for the daylight in this case, which is not too high. It is observed that the profiles of the CCT and CAF are almost overlapped to those of the daylight in Fig. 6b and Fig. 6d . The error bars of CCT of daylight and the mixed white light are calculated according to the measuring errors of Everfine PLA-20 and HAAS-2000 spectrometer. Besides these, Cajochen et al. reported that the rather smoother spectrum facilitated the perception of colors more naturally and better visual comfort led to better alertness and mood [17] . The broad spectrum of the mixed white light benefits in non-visual performances.
In this work, we used the characteristics of natural daylight as the targets, simulated and fabricated a mixed white light by five-channel of RGCWW LEDs. The tunable LED lighting can reproduce some important characteristics of natural daylight, combined with good color fidelity, which can be used to synchronize circadian rhythm in the closed environment with insufficient daylight. Also, high level of color fidelity means better visual comfort, mood, and alertness in the environment. It is notable that there remains a small gap of 460-480 nm in the SPD of mixed white light. The difference of CAF and a bit smaller CRI may be due to the gap, comparing with natural daylight. It is not difficult to obtain high efficiency blue LED. In the further study, the gap will be filled. On the other hand, someone finds that the infrared and ultraviolet components in the spectrum may be important to circadian rhythm [51] , and also widely used in optical biosensors [52] , [53] . Since the non-visual effects have not been determined strictly for many components in the spectrum of normal lighting [17] , [18] , a lot of biological function experiments should be designed and performed. Of cause, with the number of light tuning channels increases, the calculation will become more complex. So the new algorithm, such as genetic algorithm will be considered to reduce the computation cost for simulation of mixing light [27] , [39] , [41] , [54] .
Conclusions
In summary, a tunable lighting with five channels of RGCWW LEDs was fabricated according to the targets drawn from the SPD of natural daylight. Cyan, CW and WW LEDs involved in the mixed light improved the color fidelity, luminous efficiency, and circadian tunability. Moreover, the broad spectrum can be obtained by RGCWW LEDs mixing, which will facilitate the perception of colors more naturally and enhance the non-visual performances. The CCT and CAF of the mixed white light keep consistent with the dynamic daylight, which illustrates this tunable LED lighting can synchronize circadian rhythm. High level of color fidelity (CRI > 90) of lighting sources means better visual comfort and mood. Consequently, tunable LED lighting with RGCWW five chips can apply to some place without sufficient daylight, and provide white light with high circadian and visual performances.
